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ABSTRACT

Full Name . [Anwar Qasem Al Gamal]

Thesis Title . [Modification of Membranes by Incorporating TiO2 -Graphene Oxide
for Enhanced Water Purification Performance]

Major Field : [Mechanical Engineering]

Date of Degree : [April 2021]

Membrane-based separation processes are very effective for several applications
such as purification of drinking water and treatment of wastewater. They have a huge
potential to enhance the desalination efficiency of seawater with efficient cost and energy
requirements. Therefore, they have received great interest around the world. Polymer-
inorganic composite reverse osmosis membrane is a powerful method that opens the door
to merge different properties of inorganic materials like mechanical and thermal stability
with organic polymer properties including processability and flexibility in one solid. The
aim of this work is to modify aromatic polyamide membrane surfaces by the
simultaneous incorporation of graphene oxide (GO) and TiO, nanoparticles, for
enhancing the salt rejection and filtration performance of the membrane. The 1, 3, 5-
benzenetricarbonyl chloride (TMC), TiO,-GO compound, and m-phenylenediamine
(MPD) were prepared and polymerized on the surface of a porous support layer made of
polysulfone (PSf). The TiO,-GO compound was mixed with MPD aqueous solution
because its dispersion in aqueous solution was stronger than in organic solvents. Fourier
Transform Infra-Red (FTIR) spectroscopy, X-ray Photoelectron Spectroscopy (XPS), and

X-ray Diffraction (XRD) were applied to confirm the presence of TiO,-GO compound on

XV



the membrane surface. Scanning Electron Microscopy (SEM) equipped with Energy-
Dispersive X-ray (EDX), and Atomic Force Microscopy (AFM) were carried out to
analyze the surface morphology and reveal the smoothening of the modified membrane
surface. Water contact angle measurements were carried out to visualize the
hydrophilicity improvements of modified membranes. The performance parameters of the
membrane including permeate flux, salt rejection, and hydrocarbons rejection were
evaluated using a custom-made laboratory setup. The incorporation of TiO,-GO
compound into the membrane matrix enhanced the membrane performance with 62 LMH
(Lm™ h™) permeate flux, 97 % salt rejection, and 100 % hydrocarbons rejection, due to

changes in charge, roughness, and hydrophilicity of the membrane surface.
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CHAPTER 1

INTRODUCTION

1.1 Water and Desalination processes

The world population is growing rapidly and continuously, it is approximately 7.8
billion people according to 2020 world’s population data sheet. Exceeding one billion of
world’s population have no access to cleaning water and around 70 % of world’s
population probably suffers from water shortage [1], [2]. Pure water availability on our
planet cannot fulfill the needs of the whole world’s population because the usable water
percentage is considered very low compared to ocean water which is estimated to be
around 97 % of total water resources on the planet as represented in figure 1.1 [3], [4].
Thus, there is a need for sustainable and cost-effective utilization of the largely untapped
water source to solve this global crisis. The common solutions to substitute the current
water shortage include water treatment and desalination. Desalination is a technique
which tends to remove the salts from saline water to make it appropriate for human use
and irrigation. It is considered a vital source for producing the pure water. As depicted in
figure 1.2, the common two processes of water desalination are thermal and membrane
processes. The most common thermal process is the distillation method which includes

multi-stage flash (MSF), vapor compression (VC) and multiple-effect distillation (MED).



Whereas the common membrane processes are

reverse osmosis (RO) [5], [6].

including electrodialysis (ED) and

0.3% Surface Water

-

~

0.9% Others
97% { —
Salt Water 68.7% _»
in Ocean i
e
3%
Freshwate
Total Global Total
\ Water Sources Freshwater
Sources

Total Surface
Water Sources

Figure 1.1 Water resources distribution on the planet [7].

Electrodialysis (ED)
Microfiltration (MF)

Nanofiltration (NF)
Osmaosis (RO)

Figure 1.2 Water Desalination processes.




1.2 Membrane Technology

Membrane technology includes engineering methodologies for the transport of
substances between two compartments with the use of semi-permeable membranes as
shown in figure 1.3. In contrast to conventional thermal separation processes like
distillation, membrane technology operates without heating, thus less energy is needed.
Membranes are classified into different types including microfiltration, ultrafiltration,
nanofiltration, reverse osmosis, forward osmosis, electrodialysis, and distillation
membrane according to the used mechanism for rejection and pore size [7]. The reverse
osmosis process (RO) is currently the most popular technique in membrane technology
driven by pressure. It utilizes a semi-permeable membrane to remove fine contaminants
of water with efficient separation performance and low energy requirements [8].
Improvements in the RO process mainly depend on the material used for the membranes
so it becomes more applicable by developing thin-film composite (TFC) membranes.
They have received great work since the polymerization process invention in 1965 by
Morgan [9]. These types of membranes have the potential of overcoming the major
drawbacks associated with this technique including low permeability and vulnerability to
fouling. They are usually prepared by incorporating nanomaterials into polymeric

materials using polymerization[10].
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Figure 1.3 Schematic of membrane filtration process.

1.3 Reverse Osmosis (RO) Membranes

Polyamide TFC membrane is one class of nanocomposite membranes that have
been largely used in RO due to its high performance in reducing energy usage in RO
compared to other desalination processes including multi-stage flash and distillation
thermal processes. Polyamide RO membranes typically consist of a porous polysulfone
support layer at the middle, nonwoven fabric layer at the bottom that gives the membrane
the mechanical strength to resist the high testing pressure, and a highly selective

polyamide top layer (which controls the actual separation process) synthesized from



trimesoyl chloride (TMC) and m-phenylenediamine (MPD) [10]-[13]. Despite its
favorable characteristics, PA membranes are still prone to fouling by microorganisms,
colloids, and mineral scales [8]. The fouled membrane needs to be cleaned by harsh
chemicals and ultimately replaced; both options are energy and cost consuming. As a
result, most of the conducted research in the membrane area is focused on the reduction
of fouling and improving polyamide membranes performance. Thus, many attempts were
applied to adjust the surface of the membrane by chemical modifications including
grafting several hydrophilic monomers onto the membrane, but the results are still not

satisfactory [14].

One of the most innovative methods for mitigating the fouling, improving the permeate
quality, and increasing the ion rejection of membranes is either by incorporating
inorganic nanoparticles such as alumina(Al,O3), sliver (Ag), silica(SiO,), and
titania(TiO,), or blending them into the porous membranes [13]-[15]. Using
nanoparticles in membrane preparation gives a high degree to control the membrane
fouling and provides a great ability to enhance the filtration performance of the
membrane. Inorganic nanoparticles can also behave as adsorbents for different pollutants
and noxious materials present in water including inorganic, organic, and bacterial
pollutants, as well as toxic metal ions. This is because some inorganic nanoparticles like
TiO, have catalytic properties, where combining the chemical oxidation with inorganic
nanomaterial-based membranes can improve the resistance to membrane fouling and
provide an enhancement in oxidative functionality. The strong oxidants O* and OH
produced by these nanoparticles can lead to the decomposition and removal of different

organic compounds on the membrane surface resulting in an enhanced membrane



performance [16], [17]. The incorporation of nanomaterials in polymeric membranes
preparation has gained tremendous attention in the last decades because it is considered
as a new methodology in enhancing the permeate flux and mitigating foulants deposition.
Nanoparticles are incorporated into the membrane as fillers in the polymeric matrix of the
membrane and there are common nanoparticles that are used including silica (SiOy),

TiO,, and zeolites [16], [18].

H H 0 0 H H 0 0
| 8 /] B u
—N N-C C{N N-C C
=0
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Figure 1.4 Molecular structure of polyamide.




CHAPTER 2

LITERATURE REVIE

2.1 The Preparation of the Thin-Film Composite (TFC) Membranes

Thin-film composite (TFC) membranes are highly selective and permeable
membranes prepared mainly for water desalination. They are broadly used in
nanofiltration (NF) and reverse osmosis (RO) processes. These membranes comprise
many layers of different materials which are stacked together to produce one single
membrane [19]. The main layers of TFC membranes are an ultrathin highly selective
layer on the top, a much thicker porous support layer at the middle, and nonwoven fabric
layer at the bottom that gives the membrane the mechanical strength to resist the high
testing pressure. The active top layer of the TFC membranes is around 200 nm thick and
is made from polyamide. For the intermediate layer, its thickness is about 50 um and it is
prepared by phase inversion processes. Different polymers such as polysulfone(PSF),
polyethersulfone (PES), polyphenylene oxides, polycarbonate, poly(styrene-co-
acrylonitrite), polyacrylonitrile, poly(phthalazinone ether sulfone ketone) (PPESK),
polypropylene, polyetherimide, and others are used to synthesis the intermediate
support[20]-[23]. However, polysulfone (PSF) and polyethersulfone (PES) are chosen to
be the best materials for the support layer of membranes because they were tested to have

high resistance against compaction, reasonable stability in an acidic environment, and



preferable flux. Moreover, nonwoven fabric layer at the bottom is about 120 pm and is
mostly made of polyester [24], [25]. The active top layer is fabricated using aromatic
polyamide (PA) and considered as the basis of the TFC membranes because it is the layer
that will determine the permeability and selectivity of the membrane so most of the
researches has been focused on enhancing its properties [26]. The most utilized process
of manufacturing the membrane active layer is in situ polymerization (IP) of 1, 2-
phenylenediamine (MPD) and trimesoylchloride (TMC). During the preparation of the
active layer, it is significant to optimize the pore size of the produced membranes by
controlling the polymerization reaction variables in such a way that achieves a higher salt
rejection. In addition, its thickness should be reduced to ease the permeate transfer [25],

[27], [28].

2.2 Thin-Film Composite Membranes Modifications Using Inorganic

Nanoparticles

The continuous enhancement of thin-film composite membranes has resulted in
making the membranes more permeable by a factor of 1.5-2 than before, but they are still
degradable in the presence of chlorine, making cleaning complicated and leading to
fouling [25]. The most common problem in the polymeric membrane is the easiness of
fouling. This critical limitation is due to the precipitation and deposition of chemicals,
colloids, and microbes on the surface or pores of the membrane, so it requires significant
attention because it can lead to high energy consumption, costly cleaning, and

membranes replacement [29]. In order to reduce membrane fouling and improve



membrane performance operation, membrane surfaces can be treated by any chemical
method such as grafting few hydrophilic monomers on membranes but the reduction of
fouling is not satisfactory. Furthermore, the recent developments of nanotechnology
(using nanoparticles) have emerged to the synthesis of the membrane to enhance the
synergistic effects of membrane on water treatment. Nanoparticles-based membranes can
have beneficial effects on fouling reduction [29]-[32].

Various inorganic nanoparticles of 2-100 nm size are used as fillers in the polymeric
matrix including silica(SiO,), zeolites, titania(TiO,), sliver(Ag), alumina(Al,Oz3),
graphene oxide(GO). These nanoparticles are added to the polymeric membranes to
promote membrane operation performance (enhancement of permeate quality and flux ),
to give a high ability to control the fouling resistance and to form the desired structure
[14]. The inorganic nanoparticles such as TiO,, Al,O3, and SiO;, have been combined into
polymeric membranes for mitigating different types of fouling including inorganic
fouling, organic fouling, and bacterial growth affecting the polyamide membranes [14].
They can also provide a superb change on the contact angle measurement; the contact
angle can be minimized by increasing the concentration of nanoparticles. For example,
the contact angle of poly(vinylidene fluoride) (PVDF) membrane at 0 % Al,Os is 84°, but
increasing Al,O3 concentration to 2-4 % leads to a decrease in the contact angle to 57°-
59° [33]. Titania (TiO2) has been considered as promising nanomaterials for water
desalination [30], [31]. Titania nanoparticles incorporation in water purification can
oxidize or reduce the organic and inorganic toxic compounds in water. These
nanoparticles have been utilized to degrade organic compounds including dioxins,

chlorinated alkanes, and benzenes, and minimize toxic metal ions. Thus, these inorganic



nanoparticles are used for the purpose of improving membrane performance variables
including permeability, strength; selectivity, fouling resistance. In addition, they can be
used for water disinfection. The main objective of embedding titania into the aromatic
polyamide membrane is to reduce biofilm formation. Titania addition to polyamide
membrane will give membrane higher photocatalytic bacterial efficiency. These
nanoparticles have the capability to kill microbes and reduce the different foulants
without producing any harmful materials [13]. The photocatalysis of TiO; is occurring
under light by oxidation or reduction reaction to produce different active oxygen species
including hydrogen peroxeid which are able to kill microbes and decompose organic
compounds [25], [34], [35]. Titania is assembled to membrane surface through ionic
bonding and hydrogen bonding with carboxyl functional groups (-COOH) of polyamide

[36].

Other common inorganic nanomaterials used for enhancing the membrane operations
include graphene, graphene oxide, and carbon nanotubes. Graphene is defined as a sheet
consisting of carbon atoms that are strongly packed to form a hexagonal matrix.
Graphene has astonishing characteristics compared to polyamide layers. It has a thickness
of about 1~2 nm and it is considered as stronger as and more chemically active than
polyamide so it is largely used in membrane production in the last years. Graphene oxide
is in the form of two-dimensional(2D) nanosheets that are used to make the membrane
more novel by simple layer-stacking methods, providing high flexibility to adjust the
interlayer spacing, functionality, and charge of the GO-based membrane to enhance
filtration and separation efficiency [37]. The thickness of graphene oxide can be

controlled easily by changing the number of graphene oxide sheets. GO has various
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remarkable properties such as high antibacterial, and photocatalytic that give GO huge
potential to enhance the removal of contaminants and fouling reduction [38]. GO is also
used specifically for Forward Osmosis by the assembly of layer-by-layer of graphene
oxide to produce better stability membrane (interlayer crosslinking) and using
polyelectrolyte on both sides of the support layer [37]. The produced membrane has more
reduction of concentration polarization due to the separation of both sides of its support
layer [25]. GO was combined with aromatic polyamide in membrane synthesis by
incorporating it into the polymeric matrix of support or active layer polyamide
membrane. By this process, nanofiltration membranes of high positive charge are
improved. The enhanced membranes have attained a high salt rejection of
Natand Mg?* ions with 38.1 % and 93.9% respectively and a high water flux [39].
Swelling is a common problem of GO membranes due to the interlayer spacing
enlargement. It causes the ionic solute flux to be higher. This issue can be fixed by
adjusting the building blocks of GO (hanosheets of GO) properly (by chemically cross-
linked). As swelling is mitigated, solute flux is decreased [37]. GO can also be
incorporated into the support layer of polysulfone (PSF) by phase inversion process and it
enables to produce of more water flux than a pristine PSF support layer by a factor of
three times [40]. The optimum addition of GO to a PSF membrane to achieve a favorable
PSE/GO support layer in terms of pore size, porosity, and thickness has been estimated to
be (0.25 wt %). Exceeding a certain value of GO addition approximately (> 0.5 wt %),
there will be a decline for performance parameters of the membrane such as permeation,
and selectivity due to the significant change in structure and GO dispersion [40]. Carbon

nanotubes and metal oxide nano-particles used in membrane manufacturing can increase
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the resistance against fouling, make membrane materials more novel, and enhance the
permeability and permeate quality of water. Polymeric membranes made of carbon
nanotubes or fullerenes have more permeability than the bare ones [38]. Carbon
nanotubes based membranes can be considered as the basic type of membranes to reduce
the fouling by inhibition the growth of bacteria. Carbon nanotubes (CNTSs) can also be
added to PVDF [41], whereas Multi-walled carbon nanotubes (MWCNT) can be injected
into PSF [42]. In general, for producing excellent —performance membranes (high
selectivity and water flux), it is extremely significant to modify the structure of the
support layer of the membrane to minimize the résistance to the transport of solutes [43].
Observations of using nanoparticles in membrane manufacturing can be summarized in
improving the functionality and durability of the membrane by increasing layer thickness,
increasing the porosity of skin surface, and increasing the permeability of the membrane
(sometimes it is observed a decrease in the permeability of membrane). However, the
reduction of different fouling types including organic, inorganic, bacterial fouling is one
of the main goals of using nanoparticles in membrane production. Fouling mitigation is
mostly combined with the improvement of flux while using the nanoparticles but porosity

improvement is relatively independent of the concentration of used nanoparticles [44].

2.3 Graphene Oxide

Graphene oxide nanosheets with a thickness of approximately 1.1 + 0.2 nm are
characterized by their high rate of water transport due to the interlayer spacing of GO
nanosheets that may serve as water channels, therefore they have been incorporated into

the polymeric membranes to enhance the overall efficiency of the membrane [45]-[49].
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Functional groups present in GO such as epoxy, hydroxyl, and carboxyl groups have a
significant ability to disperse in different polar solutions compared to other
nanomaterials. This feature of GO makes the nanosheets and polymers more compatible
with each other [49]. GO is so hydrophilic because the polar functional groups present on
GO surface form hydrogen bonds with water molecules [50]. GO with higher hydroxyl
functional groups is more stable than GO with a high content of epoxide groups [51],
[52]. Graphene oxide-based membranes are more permeable to polar solvents compared
to other membranes types due to graphene oxide swelling, this swelling state also makes
the membrane more permeable to the undesired solutes [53]. GO also has a tremendous
ability to strengthen the mechanical properties and stability of the membranes to
withstand high pressures [49]. Water flows smoothly through GO layers without any
friction due to the hydrophilicity and smoothness of graphene atoms. Besides, the
embedding of GO into the polyamide membrane can significantly improve the anti-
fouling property and flux of the membrane as well as it can effectively enhance

membrane hydrophilicity [54].

\ COOH COOH /

Figure 2.1 Molecular structure of Graphene Oxide [17].
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2.4 Titania (TiO2)

Anatase TiO, (the most stable type of titania compounds) is the cheapest and the most
available photocatalyst. It is known as a hydrophilic nanomaterial and has a significant
antibacterial fouling potential [13], [55]. It also has high reactivity and chemical stability.
In addition; it is a nontoxic material, environmentally friendly, and easy to synthesize
[56]. Furthermore, TiO, particles have a poor adsorbing affinity toward organic
molecules especially the hydrophobic organic molecules [13], [56]. TiO; particles are
strongly adhered to the membrane surface by bidentate coordination and a hydrogen bond
[13]. As a result, it is usually embedded in the thin film polyamide membrane to enhance
permeability and biofouling resistance. TiO, is loaded on other nanomaterials to improve

its photocatalytic performance and wastewater treatment effect [56], [57].

Table 2.1 Literature review summery

Authors Findings Limitations
(Lee et al., - Polyamide (PA) nanocomposite 1. Permeability was low.
2008) membrane was modified by 2. Hydrocarbons rejection
high loading of was not studied.
TiO2 nanoparticles. 3. Monovalent ions
- It showed high and stable rejection was not tested.

rejection value of more than

95% with respect to MgSO, and

2
the flux of9.1 L/m h.
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(Lind et al.,

Zeolite-polyamide thin film

Salt rejection was not

2009) nanocomposite membrane was improved.
formed onto the polysulfone . Less number of organic
layer. samples has been
Permeability, NaCl, MgSO, and studied.
poly (ethylene glycol) rejections
were tested under 1550 kPa.
Permeability was increased and
rejection was remained similar
to the bare membrane.
(Xu et al., The surface of the polyamide Organic pollutants were
2011) membrane was treated by not studied.

chlorine, followed by
supramolecular assembly of
chitosan.

Led to a charge reversal due to
skin layer of chitosanium.

It exhibited a permeation flux of
57.7 L/ m* h and a salt rejection
of 95.4% with respect to

1500 ppm NacCl and at 0.8 MPa.

. Polyamide membrane is

sensitive to chlorine
attack and can be
degraded using chlorine

in coating.

. Higher pressure will lead

to increase the

temperature of the tank.
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(Saleh &

Polyamide membrane was

The impact of alumina

Gupta, modified using alumina nano- nanoparticles on solute
2012) particles. rejection was not

The permeate flux was significant.

improved due to the enhanced . No divalent ions or

hydrophilicity hydrocarbons studies.

The salt rejection (1000 ppm

NacCl, 1000 kPa) was

maintained constant.
(Rajaeian The polyamide membrane was Salt rejection remained
etal., 2013) modified using TiO,. It was the same.

tested at 760 kPa and 2000 ppm Tested only the

NaCl. monovalent ions (Cl-).

Water flux was increased up to  Not studied the

2-fold. hydrocarbons rejection.
(Zhao et The polyamide membrane was Salt rejection decreased
al., 2014) improved by incorporation of slightly.

modified multi-walled carbon
nanotubes.
Flux of polyamide/MWNT

membrane increased 14.86 to
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-2 -1

2805Lm h .

(NaCl, 2000 ppm) was studied
at 1600 kPa.

It showed better antifouling and

antioxidant properties.

(Peyki, Thin film composite membrane Slight decline in
Rahimpour, was modified using SiO 5 rejection.
& nanoparticles to test - Very high pressure
Jahanshahi, permeability and NaCl rejection. around 4400 kPa.
2015) Hydrophilicity and flux were . Hydrocarbons and
increased. divalent ions rejection
were not tested.
(Yin et al., A PA  membrane was . NaCl and
2016) synthesized by adding graphene NaZSO . rejections
oxide nanosheets. slightly decreased
The permeate flux under 300 psi respectively.
increased from 39.0+1.6 to Study was under high
594+04 L/m2 h. pressure.
The membrane showed
excellent stability.
(Li, L1, & Carbon dots (CDs) were . Not focused on divalent
Zhang, successfully incorporated into ions and organic
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2017 the polyamide layer of the pollutants rejections.
membrane.
The membranes with 0.02 wt%
CDs loading exhibited high flux
and improved NaCl rejection at
1550 kPa.
(Al TiO2 nanoparticles were inserted 1. High pressure at around
Mayyahi, into the polyamide layer of 2070 kPa.
2018) traditional thin film composite
membrane.
TiO2 could effectively improve
the NaCl rejection and
permeability.
(Ahmad, The membrane was fabricated 1. No divalent ions
Goh, by embedding titania nanosheets rejection study.
Wong, (nTNS) on the surface of
Zulhairun, polyamide (PA).
& Ismail, The NaCl rejection and
2020) permeability were improved and

achieved the highest values with

2 bilayers of TNS at 1600 kPa
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and 2000 ppm NacCl.

To sum up, the developments of a polymeric membrane with high permeate flux and ion
rejection continues to remain the main challenge for researchers to overcome.
Modification of polymeric membrane by inorganic nanomaterials is one of the most
innovative methodologies to mitigate the fouling, improve the permeate flux, and
increase the ion rejection. As explained previously, several studies have been conducted
on the incorporation of inorganic nanoparticles into polymeric membranes including
alumina (Al,O3), graphene oxide (GO), and titania (TiO,), silica (SiOy), and zeolites.
However, the research room is still promising for further improvements including the use
of combination of inorganic nanomaterials. Titania is known as a hydrophilic
nanomaterial and has a significant antibacterial fouling potential. It is usually embedded
into the thin film polyamide membrane to enhance the permeability and biofouling
resistance. Furthermore, it showed high and stable rejection value of the inorganic salts.
Graphene oxide (GO) nanosheets are characterized by their high rate of water transport
due to the interlayer spacing of GO nanosheets that may serve as water channels. Water
can flow smoothly through GO layers without any friction due to the hydrophilicity and
smoothness of graphene. GO also has a tremendous ability to strengthen the mechanical
properties and stability of the membranes to withstand high pressures. Graphene oxide
added into the membrane showed excellent stability and enhancement of the
permeability. As a results, titania chemically bonded to graphene oxide (TiO,-GO) was

selected to be incorporated into the membrane for further improvements in the membrane
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performance. GO was used as a nanoscale substrate to form TiO, to produce a hybrid that
contains enhanced properties of both GO and TiO,. TiO,-GO compound was added into
the aqueous MPD solution and TMC in organic solution and incorporated into the
polymeric matrix. To study the effect of TiO,-GO compound on the performance of the
PA membrane, the performance parameters of the membrane including permeate flux,

salt rejection, and oil rejection were evaluated using a custom-made laboratory setup.

2.5 Objectives

This research work aims to formulate nanomaterials that can be incorporated
into polyamide membranes for application in water purification.
The specific objectives are:
» To prepare the materials including MPD, TMC, and TiO,-GO compound
as a material for the thin-film polyamide membrane.
» To prepare the polyamide membrane using polymerization of the different
prepared materials.
» To evaluate the performance of the modified membrane in terms of

permeate flux and ion rejection.
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CHAPTER 3

EXPRIMENTAL

3.1 Materials

Graphite powder , Titanium dioxide(TiO;), nitric acid(HNO3), sodium
nitrate(NaNOs), sulphuric  acid(H,S0.)(98%), potassium permanganate(KMnOy),
titanium tetraisopropoxide(C12H2304Ti), m-phenylenediamine(MPD), sodium chloride,
sodium sulfate(Na;SO.), tridecane(CisHqg), isoocatane(CgHig), dodecane(CioHyg),
toluene(C;sHg) , industrial-grade n-hexane ( a mixture of isomers), and trimesoyl
chloride(TMC) were obtained from Sigma Aldrich and were utilized as received.
Microporous polysulfone support layer was brought from Sterlitech. The used water for
whole experiments and solutions was distilled water. All materials and chemicals used in
the whole process were with high purity so they were used directly without any further

purification.

3.2 Synthesis of Titania-Graphene Oxide (TiO,-GO) Compound

Graphene oxide was derived using graphite following Hummer's method. Graphite
powder (2 g) and NaNOg3 (2 g) were added to 90ml of H,SO,4 (98%) in an ice medium (0-
5°C) under stirring. After 4hrs of stirring the mixture, KMnO, (12 g) was slowly

introduced into the mixture with care keeping the temperature below 15°C. Afterward,
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184 ml of water (H,O) was slowly introduced to dilute the system and stirred
continuously for 2 hrs. The components were then kept under stirring at 35-40 °C for 2
hrs after removing the ice bath. Then, it was refluxed at 100 °C for about 15 min. Then,
the temperature was adjusted at 30°C and the system was kept until the brown color is
observed, and under the addition of H,O,, bright yellow was observed. 0.2 L of water
was introduced under stirring. After 1h, the stirring was off and then the filtration was
performed using a centrifuge with also washing using 1M HCI and then followed by DI
water till pH was neutral. The collected GO was dried under a vacuum. Graphenef/titania
was synthesized by dispersing GO in 5% alcohol aqueous media by a sonicator. 3%
titanium tetraisopropoxide was added under stirring. The components were kept under
reflux for around 6 h at 100 °C. Then, the heating was switched off. The obtained product

was separated, dried. Then, it was calcinated at 623°C for 3hrs.

3.3 TiO,-GO Membrane Preparation

A piece of a microporous polysulfone support layer with approximately 100 pm
thick, was cut and immersed in activation solution that was diluted with distilled water
for 1 day to fully activate the whole surface of the support and wet all its pores, and then
it was dried for 2 h. The polysulfone support was then submerged in a solution composed
of 0.005 g/ml MPD and 0.001 g/ml TiO,-GO at an ambient temperature for 2 min in a
way that allows only for the top part of the PSf support to absorb the solution. After
removing it from the solution, it was moved by a special tool in different directions to
distribute the solution on the surface evenly and to take off the excess of the solution.

After that, it was dried for 30 min under vacuum and then immersed in a solution of
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0.0025 g/ml of TMC for 5 min. After 5 min, the membrane was removed from TMC
solution and moved by a specific tool for 5 min to diffuse the solution equally on the
whole surface and remove the excess amount of TMC solution. Finally, it was dried
under vacuum and kept in a glass plate for activation until use. The previous procedures

were used to prepare different membranes with one, four, and eight layers.
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Figure 3.1 Polyamide membrane shows layers and the embedded nanoparticles.
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3.4 Characterization Methods

Different characterization methods were utilized to analyze TiO,-GO compound and
modified membranes. Fourier Transform Infra-Red (FTIR) spectroscopy (Smart iTR
NICOLET iS10) and X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi) were
applied to characterize the chemistry of the prepared materials. In addition, X-ray
diffractometer (XRD) (D-5005D-5005) was applied to characterize the crystalline phases
and average crystalline size of the as-synthesized TiO,-GO compound. To analyze the
effects of surface modification on the membrane morphology, a field-emission scanning
electron microscope (FESEM, Tescan Lyra-3, Dual Beam, Tescan), equipped with an
energy dispersive x-ray spectrometer (EDX, Oxford Instruments) was performed. Before
applying the analysis, the different specimens were coated with a thin layer of gold using
a sputtering process to make them electrically conductive. Atomic force microscope
analysis was utilized to study the surface morphology and surface roughness parameters
(average surface roughness (Ra), a difference in height between the top and valley (Rmax),
and root mean square (RMS) of the polyamide membrane using Agilent 5100 SPM
instrument equipped with a controller Picoscan (Agilent Technologies, Tempe AZ, USA)
coupled with a standard SiN cantilever) and estimate the surface roughness variables
values. Membrane samples of area 1 cm? were put on a glass plate by tape and the
measurements were taken at different locations to reduce the experimental error and
obtain better accuracy. To analyze the hydrophilicity and wettability of the membrane, a
contact angle was calculated using an Attension Theta Optical Tensiometer (Biolin
Scientific, Finland). The measurements were taken at 5-6 random locations and averaged
to reduce the experimental errors. To study the surface chemistry of membranes and
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determine the functional groups present in TiO,-GO compound, Fourier Transform Infra-
Red (FTIR) spectroscopy (Smart iTR NICOLET iS10) in 400-4000 cm™! wavelength
range was applied. Before performing the membrane characterization, background
correction was performed by scanning the empty stage. Finally, the collected spectra
were identified by the intensity of functional groups. To characterize TiO,-GO
compound, pellets of TiO,-GO were prepared by blending samples of TiO,-GO with KBr
and pressing them at room temperature. X-ray photoelectron spectroscopy measurement
(XPS) (ESCALAB 250Xi) under ultra-high vacuum conditions and on an Axis Ultra
DLD was performed to confirm nanoparticle presence on the membranes by studying the
surface state and the different bonds in the samples. 1 cm? of the coated membrane before
and after testing, TiO,-GO compound pellet was prepared. Then the analyses were
conducted. The binding energy range of N 1s, O 1s, C 1s, and Ti 2p, and survey scans

was 0-1000 eV with a 1 eV resolution.

3.5 Modified Membrane Performance

Filtration parameters of the membrane were tested after each surface treatment. The
modified membranes were tested at ambient temperature and a pressure of 1 MPa (10
bars) through the filtration system provided by Sterlitech. The membrane filtration
system has a membrane cell with an area of 35 cm? connected to the feed tank and the
pump by Teflon and stainless steel tubes as represented in figure 3.2. Membranes with
different layers were first compacted in 5 L of distilled water for 3 h at 1 MPa (10 bars)

before taking the measurements of water flux. Salt rejection of membrane was studied by
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adding 2000 ppm concentration of salt (NaCl) and 1500 ppm of Na,SO, salt respectively
to the feed tank. NaCl and Na,SO, salts have the highest concentration in the seawater.
Therefore they are considered as models for testing the performance of the modified
membranes [58]. Considering seawater contaminated with oil, the hydrocarbons rejection
was tested using solution models which were prepared by mixing saltwater and oils. The
saltwater was prepared with 2000 ppm NaCl. Then, this solution was spiked with toluene,
dodecane, isooctane, and tridecane, 500 ppm of each (total 2000 ppm). Finally, the
breakthrough of the membrane was investigated by studying the effect of feed
concentration on salt rejection at different high concentrations of NaCl solution. The
effect of layers coating on the salt rejection was analyzed. The experiment was conducted
and the concentration of salt was measured by lon Chromatography while oil was
monitored by GC-head space. The system was running for 2 h to equilibrate before
measuring the permeate water flux and salt rejection. The solution was stirred constantly
to avoid any concentration polarization effect. Then, the permeate flux was collected in a
graduated cylinder at a specific interval of time, whereas the concentrate was returned to
the feed tank to keep the salinity of water constant. The collected samples of permeate
and feed waters were tested by lon Chromatography chemical analysis (930 Compact IC
Flex). Experiments were taken two times for each sample and then averaged. Salt

rejection(R) and permeate water flux (J) are calculated using these two equations.

Cp
Cr

R=(1-Z)x100, J=-

The parameters in the previous equations are conductivity of feed water (Cg), permeate
water conductivity (Cp), permeate time (t), and permeate volume (V), and membrane area

(A).
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Figure 3.2 Schematic sketch of the lab-scale setup for membrane filtration.
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Figure 3.3 Cross-flow membrane cell of the filtration system.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 TiO,-GO Compound Characterization

4.1.1 X-Ray Diffraction

The X-ray diffractometer (XRD) is performed to identify the crystal structure of
as-synthesized TiO,-GO compound. The X-ray diffraction patterns of GO, TiO, and
TiO,-GO compound are depicted in figure 4.1, 4.2 and 4.3 respectively. As can be
observed in figure 4.1, the XRD of GO shows a sharp peak at 20 = 11° which is
assigned to (001), and another peak at 26 = 43° that is attributed to (100) [59]. The
XRD patterns of titania depicted in figure 4.2 represent the sharpest peak at 26 = 25.5°
that is ascribped to (1010) and the other peaks shown at
20 = 37°,48°54°,55°,62°,69" and 75° that indicate to (004), (200), (105), (211),
(204), (116), (220), and (215) respectively [60]. These different peaks can prove that the
present titania is in the anatase phase and has a tetragonal structure. Furthermore, the
XRD patterns of TiO,-GO compound exhibit a weak at 26 = 24.5 which indicates to
the graphene sheets in the compound material and the sharpest peak shown at 26 =
25.6° is assigned to (110) of the anatase phase of TiO, nanoparticles [41], [61]-[63]. The
other reflection peaks of the compound are also similar to those shown by the XRD of

pure titania so they can prove the presence of the anatase phase of TiO, nanoparticles.
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The sharp XRD peaks in figure 4.3 indicate the excellent crystalline structure of TiO,
nanoparticles. The obtained results are strongly consistent with other authors [64]—-[66].
XRD patterns confirm that the TiO, particles in our compound are entirely anatase phase
which assures the highest photoreactivity and best efficiency in annihilating the
microorganism. As can be observed, GO peaks have overlapped with the peaks of titania
and not appeared on the compound. This is due to the dispersion of the titania on

graphene. These results indicate that titania was successfully dispersed on

graphene nanosheets [65], [67], [68].
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Figure 4.1 The XRD patterns of graphene oxide (GO).
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Figure 4.2 The XRD patterns of titania (TiO,).
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Figure 4.3 The XRD patterns of TiO,-GO compound showing all the characteristic peaks.
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4.1.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) was utilized to analyze the surface
chemistry of TiO,-GO compound. XPS results of TiO,-GO compound are represented
in figures 4.4 - 4.7. As can be observed, The titanium(Ti 2p) spectra depict two peaks,
the first peak is at binding energy around 458.70 that is related to Ti 2p3, and another
peak at around 464.50 eV attributed to Ti 2py» [68]. It can be noted that Ti 2py, is much
broader than Ti 2ps;,. The peak values of Ti 2p are in agreement with the Ti** value in the
TiO, lattice. The peaks of Ti 2p are consistent with those reported by other authors [69],
[70]. The spectra of O 1s have the characteristic peak at around 529.2 eV which is
attributed to the Ti-O bond and it is in harmony with the binding energy of the oxygen
ion (O) in the lattice of titania. Furthermore, the shoulder peak sets at about 531.0 eV
were assigned to adsorbed OH™on the titanium dioxide surface [68]. For the spectra of the
carbon (C 1s), the major peak was shown at about 284.7 eV, which is associated with C-
C and C=C bonds. Another peak was observed at around 287.5 eV, which indicates to the
C=0 bonds [71]. When GO reacts with TiO,, a significant no. of oxygen-containing
groups are consumed in the nucleation and growth of TiO, crystallites, and so the GO is
reduced [68]. As a result, when GO reacts with TiO,, bonds between them are formed.
Other bonds present in GO expected to appear are C-O-H and O=C-OH and they were

neglected due to the weak signal [66].
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Figure 4.4 High resolution XPS survey spectra of TiO,-GO compound.
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Figure 4.5 High resolution XPS Ti 2p spectra of TiO,-GO compound.
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Figure 4.6 High resolution XPS O 1s spectra of TiO,-GO compound.
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Figure 4.7 High resolution XPS C 1s spectra of TiO,-GO compound.
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4.1.3 Fourier Transform Infra-Red (FTIR)

Fourier Transform Infra-Red (FTIR) spectroscopy was performed to identify the
major functional groups found in the TiO,-GO compound. Characteristic FTIR spectra of
Ti0,-GO compound are demonstrated in figure 4.8. As can be seen, FTIR of TiO,-GO
shows a broad absorption peak at around 3384.2 cm™ indicated to the O-H stretching
vibrations of adsorbed H,O and Ti—OH group. This specific group gives the compound
the ability to be dispersive in water and make it more hydrophilic material [66], [70],
[72], [73]. The peak at around 1627.6 cm™ is associated with the stretching vibration of
carbonyl(C=0) and C=C groups[66], [74], [75]. The weak band that appeared at around
1276 cm™ can be related to Ti-O or C-O-C bonds. Another weak peak shown at about
1068 cm™ can indicate C-O bonds [66], [76]. These surface oxygen-containing functional
groups provide the possibility of covalent bonding of TiO, onto the GO surface. The
broad peak absorptions shown at low frequencies lower 1000 cm™ are related to the
vibration of Ti-O-Ti and Ti-O-C [73], [77]-[79]. This indicates that TiO, particles were

strong chemically bonded to the GO.
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Figure 4.8 FTIR spectra of TiO,-GO compound.

4.1.4 Scanning Electron Microscopy (SEM)

The morphology of TiO,-GO compound was investigated using a field-emission
scanning electron microscope (FESEM). SEM images of TiO,-GO compound are shown
in figure 4.9. As can be visualized, TiO, particle formation is exhibited on the surface of
GO nanosheets by the white color. The derived TiO; particles could be stuck into the GO
nanosheets by hydrogen bonding. As noted, the graphene structure prevents the
accumulation of TiO; particles on the GO nanosheets and ensures a good distribution of
TiO, particles on GO nanosheets [80], [81]. Energy dispersive X-ray (EDX) was applied
for TiO,-GO compound (figure 4.10), to prove the presence and well dispersion of titania

particles on GO layers. As shown, the titanium element (Ti) is present in the TiO,-GO
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compound which proves the successful synthesis of the compound. Besides, it can be
seen from the mapping of Ti in figure 4.11 that TiO, particles are uniformly dispersed on

GO nanosheets without any agglomeration.

Figure 4.9 SEM images of TiO,-GO compound.

Table 4.1 Weight composition of TiO,-GO elements.

Element Weight %
Ck 14.62
Ok 56.5

Tik 28.88
Totals 100.00
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Figure 4.10 EDX of TiO,-GO compound.
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Figure 4.11 EDX mapping of Ti element in TiO,-GO compound.
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4.2 Ti0O,-GO Membrane Characterization

4.2.1 X-Ray Photoelectron Spectroscopy (XPS)

XPS is performed to analyze the atomic concentrations and element types, which
can illustrate the presence of layers on the surface of PA membrane. XPS is also applied
to the modified membranes after the filtration testing to represent the binding durability
of the embedded nanoparticles, even after the harsh operating conditions. The XPS scans
of the modified membrane before filtration testing are shown in figures 14.12-14.15. As
depicted, the C 1s spectrum shows four peaks. The first peak at around 284.6 eV is
associated with C-C and C=C bonds. The second peak seen at about 285.8 eV is related
to C-O bonds. The other two peaks exhibited at around 287.1 eV, and 289.4 eV are
linked to C=0 and O-C=0 bonds respectively [71], [82], For the titanium spectrum(Ti
2p), the peak indicated at about 447.2 eV is ascribed to Ti 2ps;, . In addition, another
peak appeared at around 458.5eV is corresponded to Ti 2py, [83]. O 1s spectrum
displays a peak at about 532.4 eV which is attributed to C=0 bonds and another peak
depicted at around 533.8 eV that is ascribed to C-O bonds[84]. The XPS spectra of the
modified membrane after filtration testing are depicted in figures 14.15-14.19. The C 1s
spectra represent two peaks around 284.9 eV and 285.9 eV ascribed to C-C and C-O
respectively [84], [85]. The titanium (Ti 2p) spectrum has a peak at about 453.3 eV
related to Ti 2ps;, and another peak at approximately 459.2 attributed to Ti 2py;,. The
signals of Ti 2ps; and Ti 2py2 have a chemical state of Ti** [86]. It can be observed that
there is increase in the binding energy after the filtration testing compared to before

filtration case and this can be explained by the presence of other elements on the surface
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produced by the filtration process. These elements can result in a decrease in the electron
density around the coating elements and lead higher binding energy. The peaks of O 1s
are displayed at around 531.6 eV and 532.8 eV that are attributed to C=0/0=C-O and C-
O respectively [84]. As noted, the same elements are appeared in the XPS of the modified
membrane before and after filtration testing. The binding energies of the elements in both
cases are also approximately similar to each other. This can prove that the added
nanoparticles are strongly adhered to the membrane surface and not affected by the harsh
conditions of the filtration testing. The XPS analyses of modified membranes before and
after filtration testing provide the presence of titanium (Ti) elements in the coated

membranes by showing their peaks.
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Figure 4.12 XPS C 1s spectra of the modified membranes before testing.
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Figure 4.13 XPS Ti 2p spectra of the modified membranes before testing.
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Figure 4.14 XPS O 1s spectra of the modified membranes before testing.

40



6000
5800 -
3600 -
5400 -
5200 -
5000 -
4800 -
4600 -
4400 -
4200 -
4000

N 1s

Coutsfs

395 397 399 401 403 405
Binding Energy(eV)

Figure 4.15 XPS N 1s spectra of the modified membranes before testing.
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Figure 4.16 XPS C 1s spectra of the modified membranes after testing.
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Figure 4.17 XPS Ti 2p spectra of the modified membranes after testing.
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Figure 4.18 XPS O 1s spectra of the modified membranes after testing.
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Figure 4.19 XPS N 1s spectra of the modified membranes after testing.

4.2.2 Fourier Transform Infra-Red (FTIR)

To approve the presence of TiO, -GO compound on the surface of the membrane
and analyze its present functional groups, FTIR analysis was performed on the modified
membrane. Figure 4.20 depicts the FTIR spectra of the TiO, -GO compound PA
membrane. A broad peak observed at around 3420 cm™ is ascribed to the stretching
vibrations of the hydroxyl group (O-H). This specific group indicates the compound
dispersion on the membrane which makes it a more hydrophilic surface [87]. Moreover,
The peak demonstrated near 2925 cm™ is related to the stretching of the C-H and
aliphatic O-H groups of the polyamide [88], [89]. The absorption band exhibited near
1630 indicates the stretching vibration of aromatic C=C bonds and the bending vibration
of the water molecule(OH) [70]. Besides, The peak seen around 1535 cm™ is associated

with the N-H bending vibration and the stretching vibration of C-N bonds [90]. The
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membrane also shows a peak near 1065 cm™ that can exhibit the stretching vibration of
C-O bonds [70]. As shown, the absorptions that appeared at the range of 400-1000 cm™
can be assigned to Ti-O-Ti bonds [91]. In addition, The noted shift of Ti-O-Ti bonds to
about 790 cm™  compared to TiO,-GO denotes to the vibration of the combined signal

of Ti-O-C and Ti-O-Ti [73].
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Figure 4.20 FTIR spectra of TiO,-GO compound on membrane surface.

4.2.3 Scanning Electron Microscopy (SEM)

SEM was applied to look over the morphology (surface and cross-section) of
the modified membrane. The surface SEM images of the PSf support, bare membrane
(uncoated polyamide membrane), and modified PA membrane (coated with TiO,-GO

compound) are depicted in figures 4.21, 4.22 and 4.23 respectively. The SEM image of
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PSf support as shown in figure 4.21 demonstrates the uniform and porous nature of the
polysulfone layer. The bare membrane as represented in figure 4.22 shows the rough
surface of the polyamide layer. In addition, the SEM images of the bare membrane
indicate the typical morphology of the polyamide membranes formed by polymerization
process of MPD and TMC which is known as ridge-and-valley structure[36]. The
modified membrane SEM images as illustrated in figure 4.23 represent two different
colors which indicate the dense PA layer and TiO,-GO compound [88]. The observed
morphology in SEM images of modified membrane exhibits the ridge and valley shape of
MPD and TMC structure [36]. As can be noted, the embedded particles made the
membrane surface denser and grainy structure [72], [73], [84]. The cross-sectional SEM
was applied to identify the constituent layers of the membrane and roughly calculate their
thickness. Cross-section SEM analysis of polysulfone support indicates asymmetric shape
with approximately 110 um thickness as depicted in figure 4.24. Moreover, a polyamide
layer of about 300 nm thickness was formed on the polysulfone support as shown in
figure 4.25. As can be seen in figure 4.26, incorporating the TiO,-GO compound into the
polyamide layer form a very thin film. As a result, it is not discernible in the image and it
did not considerably affect the thickness of the PA layer. Polyamide and polysulfone
layers can be easily recognized and distinguishable from each other because PSf layer has

higher porosity whereas the PA layer is very dense and non-porous [36], [81].
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Figure 4.21 SEM images of the Polysulfone support showing its highly porous nature.
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Figure 4.22 SEM images of the uncoated PA membrane depicting its typical morphology.
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Figure 4.23 SEM images of the membrane coated with GO-TiO, compound.
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Figure 4.24 Cross-sectional SEM images of the Polysulfone support.
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Figure 4.25 Cross-sectional SEM images of bare PA membrane.
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Figure 4.26 Cross-sectional SEM images of TiO, -GO/ PA membrane.
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4.2.4 Energy-Dispersive X-Ray Spectroscope (EDX)

Energy-dispersive X-ray spectroscope (EDX) was used to analyze quantitatively
the nanoparticles on the surface of membranes to confirm the presence and the good
dispersion of TiO,-GO compound on the membrane surface. As can be seen in figures
4.27-4.29, the different peaks shown reflect the presence of different elements. The one
peak in figure 4.27 (polysulfone support) shows the presence of carbon. Moreover, figure
4.28 represents five peaks which indicate carbon, titanium, oxygen, nitrogen and chlorine
elements present in the coated membrane before the filtration testing. The presence of the
titanium (Ti) element in the EDX of the modified membrane confirms the presence of
TiO,-GO on the membrane surface. Figure 4.29 has six different peaks that depict the
existence of carbon, oxygen, sodium, chlorine, titanium, and nitrogen on the surface of
the coated membrane after the filtration testing. The appearance of elements before and
after the filtration testing proves that the nanoparticles of TiO,-GO are strongly adhered

to the polyamide layer and not affected by the harsh conditions of the testing.
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Figure 4.28 EDX analysis of the coated membrane before testing.
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Table 4.2 Weight composition of the coated PA membrane elements before testing

Element Weight %
CK 53.29
OK 24.18
N K 11.02
CIK 4.06
TiK 7.45
Totals 100.00

Sum Spectrum

Full Scale 1848 ct= Cursar 0.000 ke

Figure 4.29 Results of EDX analysis for the PA membrane coated with TiO,-GO compound after the filtration
testing.
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Table 4.3 Weight composition of the coated PA membrane elements after testing

Element Weight %
CK 48.05
OK 29.47
N K 5.87
Cl K 1.06
Ti K 14.75
Na K 0.81

Totals 100.00

4.2.5 Atomic Force Microscopy (AFM)

AFM was used to evaluate the morphology of the thin-film composite membrane.
Figures 4.30 to 4.32 shows the three-dimensional images of AFM for PSf support, bare
(PA) membrane, and coated membrane. It is a more accurate method to map the surface
roughness on the nanoscale. Table 4.4 represents the surface roughness variables of the
membrane including average surface roughness (R,), the difference in height between the
highest crest and lowest valley (Rmax), and the root means square roughness (RMS). As

can be investigated, the bare (PA) membrane surface is the roughest surface. After
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embedding TiO,-GO nanoparticles into the pristine membrane, the surface roughness
was clearly decreased. This proves that the surface of the membrane became smoother by
incorporating the TiO,—GO nanoparticles. This obviously shows that the nanoparticles
are dispersed on the membrane surface and the ridge-and-valley structure of polyamide
membrane surface filled by TiO,—GO nanoparticles. In addition, the hydrogen bonds

which are formed between the added nanoparticles and the polyamide layer [81], [92].

Table 4.4 Roughness parameters

Membrane Type Ra(nm) RMS(nm) Rmax (nm)
Support 33.6 45.8 347
Bare 37.6 51 402
Coated before testing 7.56 10.9 65.1

53



07
0.65
06
0.55
05
0.45
04
0.35
03
0.25
0z
0.15
0.1
0.05

06
0.4 >
02
A=5um
Y =5um
Z=0703V

Pico Image Basic5.1.1.5826

Figure 4.30 Three-dimensional AFM image of Polysulfone support.
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Figure 4.31 Three-dimensional AFM image of the bare membrane (PA).
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Figure 4.32 Three-dimensional AFM image of the coated membrane before testing.
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4.2.6 Contact Angle Analysis

To study the wettability and hydrophilicity of the modified membrane surface,
contact angle measurements are applied to the PSf support, bare membrane(uncoated PA
membrane), and coated membrane of 8 layers. It can be obtained after the distilled water
is dropped onto the membrane surface [93]. In general, lower contact angle values
correspond to the high hydrophilicity of the tested surface. The contact angle values of
the PSf support, bare membrane (uncoated PA membrane), and TiO,-GO compound
membranes of eight layers are depicted in figure 4.33. As can be seen, the contact angle
values decrease from 79° to 71° and 53° by TiO,-GO compound incorporation.
Membrane hydrophilicity was enhanced by adding TiO,-GO because TiO,-GO involves
various functional groups that are of a partially negative nature which leads to higher

hydrophilicity.

57



79° 71°

() (b)

53°

(©)

Figure 4.33 Contact angle of (a) support, (b) bare membrane, (c) coated membrane.
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Figure 4.34 Bar chart of contact angles results of the prepared membranes.

4.3  Filtration Performance of Modified Membrane

4.3.1 Filtration Performance of the Modified Membrane at NaCl Solution

Filtration properties of the membrane have to be tested after each surface
treatment because the membrane surface with another material adds an extra barrier layer
to the permeate flux. It should be noted that if a modification of membrane surface results
in a significant decline in flux (>30 %), then it is of no practical value [36]. To study the
separation properties, the main output variables which attribute to the effectiveness and

efficiency of performance (salt rejection and permeate flux) have to be maximized.
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Almost all the surface modification ways found in the literature result in reducing the
permeate flux. In most experiments, many researchers have noticed more than a 10 %
decline in the permeate flux even at a very thin layer. However, during any surface
modification, these two factors go in the opposite direction. If layer thickness increases,
salt rejection increases and then making a high barrier for the permeate flux to pass. On
the opposite side, if the film thickness decreases or the pores expand, the permeation will
increase, and the salt will pass easily through the membrane leading to a sharp decline in
the rejection. The permeate flux and salt rejection are the main parameters that determine
the efficiency of the membrane in the purification of salty water. Therefore, it is very
significant to analyze them. The rejection of NaCl, Na,SO,4, and several hydrocabons
were investigated for the modified membrane of different layers. The permeate flux was
tested at NaCl and Na,SO, solutions as shown in figure 4.35 and 4.36. The average
permeate flux of the bare membrane is about 40 L/m*h at a pressure of 1 MPa and an
ambient temperature. It is noteworthy that the permeability of the coated membrane is
superior compared to the pristine membrane. The water flux is improved by increasing
the TiO,-GO layers and its maximum value (~ 60 L/mh) is achieved at eight layers. The
flux increase is about 50 % greater than the bare membrane. This enhancement in the
permeate flux can be attributed to the increase in the hydrophilicity of the membrane
surface by embedding TiO,-GO compound. The hydrophilicity is significantly improved
due to the high hydrophilic functional groups present on the TiO,-GO compound and the
high affinity of titania particles to water. It is known that the improved hydrophiliity of
the surface increases the membrane permeability by attracting water molecules into the

membrane matrix and easing their permeation[54], [81].The increase in the permeability
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can be attributed to the increase in the interlayer spacing of the graphene oxide
nanosheets when adding the titania particles. Larger interlayer spacing leads to lower
resistance to water flow, therefore, improving the permeate flux [94].The NaCl rejection
for the modified membrane with different layers is shown in figure 4.35. It is clear that
the salt rejection of coated membrane is enhanced well by increasing the layers. As can
be noted, the optimum NaCl rejection of the modified membrane was obtained at 8
layers. High rejection of CI™ in 8 layer membranes is indicating that there is a high
electrostatic repulsion forces between the ions of chlorine and the surface of the
membrane. These strong repulsion forces are related to the membrane where the high
molecular weight in 8 layers membrane compared to 4 and one layer membranes
increases the negative charges of the surface of membrane. Therefore the electrostatic
repulsion between membrane surface and the solution ions increase producing higher

salt rejection rate compared to other membrane.
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Figure 4.35 NaCl rejection and water flux of coated membrane with different layers.

4.3.2 Filtration Performance of the Modified Membrane at Na,SO,

Solution

In a similar method to that of NaCl solution, the Na,SO, salt rejection of the
membrane was tested. As shown in figure 4.36, it was significantly improved by adding
TiO,-GO compound into the polyamide membrane. The modified membrane showed
superior performance in rejecting Na,SO, at eight layers of TiO,- GO compound which
was 97 %. As can be realized, the rejection of Na,SO, salt is generally greater than NaCl
salt. This can be attributed to the attraction forces between divalent ions (SO4*) and the

surface of the membrane are very large compared to those between monovalent ions (CI°
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) ions and membrane surface that prefers the sulfate permeation. In addition, the hydrated
sulfate size is about 50% greater than the size of chlorine ions [95]. From the salt
rejection results, it can be concluded that the modified membrane with eight layers is the

optimum one.
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Figure 4.36 Na,SO, rejection and water flux of coated membrane with different layers.

4.3.3 Filtration Performance of the Modified Membrane at Hydrocarbons

Solution

To prove that the modified membrane can be used for desalination and seawater
contaminated with oil, and to confirm that it can be efficient in organic molecule

separation, the hydrocarbon rejection testing was applied to the optimum modified
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membrane. The rejection of several hydrocarbons including toluene, dodecane, isooctane,
and tridecane of the bare and modified membranes are shown in figure 4.37. The
optimum modified membrane in permeability and salts rejection exhibited an excellent
performance in the removal of hydrocarbons as well. Hydrocarbons rejection was showed
a powerful advantage in rejecting many hydrocarbons including toluene, dodecane,
isooctane, and tridecane as represented in figure 4.37.The optimal hydrocarbons' rejection
efficiency was measured to be approximately 100%. The high rejection produced can be
attributed to the high adsorption ability of the coated surface and the large size of organic
molecules compared to membrane pores size. The achieved superior performance of the
coated membranes attributed to that GO/TiO, compound has high sorption ability to

water molecules.
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Figure 4.37 Hydrocarbons rejection of coated membrane with eight layers.
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4.3.4 The Stability of the Optimum Modified Membrane

The mechanical and performance stability of the membrane is vital properties so
they were evaluated. An experiment for measuring the membrane fluxes was applied for
the optimally modified membrane at 1 MPa for 15 hrs. The fluxes of the modified
membrane during 15 hrs are illustrated in figure 4.38. As shown, there is a gradual
decrease of the membrane flux along the time and became stable after a certain time. This
leads to that the formed active layer (consisting of the polyamide and GO-Titania
nanoparticles) has excellent mechanical and performance stability. The observed minor
flux decline in this testing can be associated with the rise in the operation temperature
(around ~ 35 °C) that reduces the O/C ratio of the GO layers quickly during the long-term
test [96]. The desirable stability of the coated membrane achieved during the long-term
operation indicates the strengthened cross-linked structure and confirms that the GO-

Titania membrane can be a promising candidate for real applications in water treatments.

90 -

Flux (LMH)

]
o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time (hr)

Figure 4.38 The study of the stability of the optimum modified membrane.
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4.3.5 Layers and Feed Concentration Effects on the Filtration Performance

of the Modified Membrane

The breakthrough of the modified membrane was studied by analyzing the
effect of salt concentration of the feed and the number layers on the salt rejection. Figure
4.39 depicts the effect of salt concentration of the feed tank on salt rejection. As can be
visualized, in the first stage the membrane works perfectly to completely reject the salts.
Then, some salts penetrate with water indicating the breakthrough point. It can also be
noted that the increase in the feed salt concentration resulted in a decrease in salt
rejection of modified membranes. The high concentration of the salt increases the length
of Debye of the electrostatic interaction between salt ions and membrane leading to high
salt permeation through the membrane. Besides, the presence of a high concentration of
salt causes the membrane swelling (expansion of polymeric membranes) which slightly
expands the pore size and then eases the salt passage through the membrane. Another
effect on permeability and salt rejection can be associated with the interactions of amine
groups in MPD and acyl chloride groups in TMC. The effects of the number layers on the
breakthrough point and salt rejection of the membrane are represented in figure 4.40. As
shown, by increasing the number of membrane layers, the breakthrough took a longer
time to appear. Increasing the layer thickness or density also produces high resistance to
the salt passage thereby increasing the salt rejection percentage. As can be investigated,
salt rejection is very low in one layer membrane because the PSf membrane has a poor
hydrophlilicity (as shown in contact angle measurements) and one layer is not sufficient

for producing membrane with desirable separation properties.
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Figure 4.39 Feed concentration effect on the salt rejection of the membranes.
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Figure 4.40 No. layers effect on the salt rejection of the membranes.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

A novel inorganic compound (TiO,-GO) was successfully synthesized using
titanium tetraisopropoxide and graphene precursors. XRD results of the compound
material showed that the titania is in the anatase phase and crystal structure. FTIR and
XPS characterization of TiO,-GO also indicated the presence of hydrophilic functional
groups on the compound surface and successful chemical bonding between titania and
graphene oxide. The modified polyamide membranes were successfully prepared by
embedding the inorganic compound into the active layer over the polysulfone layer. The
compound was incorporated into the polyamide matrix by dispersing it into the aqueous
MPD. Different characterization techniques such as FTIR and XPS confirmed the
presence materials on the membrane surface. SEM and AFM showed the typical
morphology and the decrease of roughness after embedding the compound on the
membrane surface. Moreover, contact angle measurements represented the hydrophilicity
improvements after TiO,-GO deposition on the membrane surface. Filtration testing of
the modified membrane showed that the performance of the polyamide membrane has
improved by embedding the TiO,-GO compound in terms of salt rejection, hydrocarbons
rejection, and water permeability. These improvements were obtained due to the increase
in negative surface charge, hydrophilicity, and the surface roughness decline of the
membranes. The optimum performance was achieved for the membrane with eight layers

of TiO,-GO including around 62 LMH permeate flux, 97 % salt rejection, and 100 %
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hydrocarbons rejection. For ensuring that the modified membranes are much more
reliable in the real application, the membranes should be tested under real conditions such
as real seawater. Furthermore, the membrane can be tested under long-term experiment to
make sure that the membrane can stand the higher temperature produced by the

continuous higher pressure and check the fouling resistance at the same time.
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